Thermal conductivity is a thermodynamic parameter playing an important role in the heat transfer process in geothermic and numerous engineering fields. In order to analyze the factors influencing the thermal conductivity of sandstone, the data of thermal conductivity obtained from the literatures in China and abroad were summarized. The influences of porosity, moisture and fluidic content, pressure and temperature on the thermal conductivity were analyzed and discussed. The survey results show that the thermal conductivity of sandstones mainly depends on its mineralogical composition, microstructure, porosity, saturation, pressure and temperature. It increases with the degree of fluid saturation and pressure, while decreases with the increase of porosity and temperature. The result of analysis shows that when the degree of saturation is higher than 15 %, the thermal conductivity curve is a linear function of the degree of saturation.
research aimed at evaluating the rate of heat flow (Duchkov et al., 2014) . As shown by numerous theoretical studies, the conductivity of rocks depends on various factors (such as, Yang et al., 1986; Liu et al., 2012; and Gao, 2015) . These studies have demonstrated the significance of porosity, saturation, pressure, and temperature on rock thermal conductivity, and the complicated relationships between these parameters. For example, Alishaev et al. (2012) and Verma et al. (2016) analyzed the relationships between the porosity, moisture and thermal conductivity, which showed that the thermal conductivity of rocks in general decreases with the porosity, while the increase of moisture content or saturation leads to improved thermal conductivity. Zhao et al. (1995) and Ramazanova and Emirov (2012) measured the thermal conductivity of some typical rocks under different pressure, and the results indicated that significant growth of thermal conductivity with the increase of pressure. The studies of Tang (2013) and Sun et al. (2016) reported that thermal conductivity decreased drastically with elevated temperatures. Clauser and Huenges (1995) reported the relationship between thermal conductivity and the type of mineralogical composition. The mechanisms of thermal conductivity in rocks are so complex that it is difficult and sometimes impossible to theoretically and correctly predict the thermal conductivity of porous materials, even under many simplifications and assumptions (Zarichnyak et al., 2013) . Rocks are composed of
INTRODUCTION
Thermal conductivity studies are useful in numerous engineering and scientific applications, e.g. heat containment, thermal rock working, electron beam drilling, simulation of heating and cooling of buildings, weather control, drying of food grains, space technology, aviation, metallurgy, geothermal energy development techniques, etc. (Hofmeister, 2014; Abdulagatov et al., 2015; Verma et al., 2016) . To understand the factors influencing the thermal conductivity of rocks is important to analyze and simulate the processes in many geological disasters and the evolution of geological structures, such as rock drilling (Alishaev et al., 2012) , rock fragmentation or ore crushing by excavation (Chen et al., 2012; Yang et al., 2015) , underground oil or gasification (Tang, 2013) , extraction of geothermal energy (Gao, 2015) , deep petroleum boring (Sayed, 2011) , underground repositories of nuclear wastes (Jan et al., 2009) , protection of rock building or rocky cultural relics (Sun et al., 2016) , mantle and crustal evolution (Marquardt et al., 2009 ), earthquake (Marton, 2005 , geothermal activity (Chen et al., 2016) , magmatic intrusions (Liu et al; , and formation of geological structure (Jana et al., 2012) .
In the past few decades, considerable experimental efforts have been taken to quantify the relationship between the thermal conductivity of rock and its influential factors. Intensive studies on the influential factors of the thermal-conductivity of rocks began in the middle 20th century when the geothermal information about the acquisition of data used in analysis, including the rock type, literature source, sampling location, main minerals and grain size. The data were carefully selected taking into account the following conditions: 1. Original measurement data without smoothing or any other data processing. 2. Only the data for sandstone, siltstone and sandy mudstone. 3. Data from a sufficiently wide range of temperature, porosity, and pressure and from four or more measuring points were selected. Under these conditions the applicable data in the published literature is further reduced. One has to keep in mind that it is a great venture to compare results from various sources obtained with quite different measuring methods and often of unknown accuracy (Seipold, 1998) . The test methods of rock thermal conductivity are mainly divided into two mineral particles with various chemical compositions and different degrees of crystallization. Therefore, the thermal conductivity of rocks depend not only on the pressure and temperature but also on their mineralogical compositions, the structure and geometry of pores, grain size, crack shape, and their concentration (Nabawy and Géraud, 2016) .
Sandstone is a common sedimentary rock, having broad applications in geotechnical engineering . Therefore, research on the factors influencing the thermal conductivity of sandstone is extremely meaningful. In this study, some factors, such as porosity, saturation (or moisture content), pressure, and temperature of sandstone, are considered.
DATA SOURCES
The data set was taken from a number of authors (as listed in Table 1 ). kinds, i.e. the steady-state measurement and the transient methods. The steady-state method has a higher precision; however, it requires excessively long hours and has highly strict requirements for sample preparation. Sometimes, it is not convenient to test. Klute (1986) indicated that the main advantages of the transient methods were: (1) the moisture migration in response to temperature gradients was minimized and (2) a shorter wait time for the thermal gradient to equilibrate than in the steady-state method, so the transient methods are more precise and convenient techniques for testing thermal transport properties.
ANALYSIS AND DISCUSSION

INFLUENCE OF POROSITY, MOISTURE AND FLUID CONTENT ON THERMAL CONDUCTIVITY
Sandstone is a kind of porous material, and most have pores of primary or secondary origin. The porosity of sandstone sometimes can be up to 40 % (Nabawy and Géraud, 2016) . It has an important influence on the thermal conductivity of rock. As shown in Figure1, the thermal conductivity changes significantly with the increase of porosity. The thermal conductivity of dry sedimentary rocks is mainly determined by the porosity. They are usually in inverse correlation, which is stronger if the thermal conductivity and porosity are obtained from the same samples. The effect of the mineral composition of dry rocks on their thermal conductivity is minor (Duchkov et al., 2014) . The thermal conductivity under the saturated condition is larger than the dry condition because the thermal conductivity of saline is higher than that of the air (Nabawy and Géraud, 2016) .
There is a reciprocal relationship between the thermal conductivity and porosity under the dry and saturated conditions as shown in Eq. (1) and Eq. (2), respectively and in Figure 1 . Comparison between the results under the dry and saturated conditions show that the correlation between the thermal conductivity and porosity for water-saturated sandstones is much weaker than those under the dry condition, because the orientation of the pore and grain fabrics are different and not aligned parallel (Nabawy and Géraud, 2016) . 1 0.295 0.018
where ∅ is the porosity (%), and K d and K w are the thermal conductivity under the dry and saturated conditions, respectively (W·m -1 ·K -1 ). The plots of the ratio of thermal conductivity under the dry and saturated conditions is demonstrated such as function of porosity (Eq. (3) and (Fig. 2a) . There is a good linear relationship between / 1.092 0.025
0.696 1.033
The thermal conductivities of Ordos sandstone has a linear relationship with the moisture content (Fig. 3) , as described by Eq. (5):
where w is the moisture content (%), and K is the thermal conductivity of sandstone (W·m -1 ·K -1 ). The thermal conductivities of sandstones may have a linear relationship with the degree of saturation (Fig. 4a) . Although one can get that from Figure 4b , at the same degree of saturation, the thermal conductivity of a rock -oil -water system is greater than the thermal conductivity of a rock -gas -water system.
INFLUENCE OF PRESSURE ON THERMAL CONDUCTIVITY
In the range of 0.1 to 22MPa, the thermal conductivity of rocks has a significant trend of linear increase with pressure (Fig. 5) . However, it increases nonlinearly under the action of pressure (as shown in Fig. 6 ), and increases more substantially at pressures below 100MPa, before the occurrence of a smooth transition to saturation. At pressure less than 400 MPa, the increase is 15-18 % in the sample saturated with oil, and the change of pressure in the same range causes an increase of the thermal conductivity of water saturated samples only by 8-10 %. The pressure also influences the temperature dependence of thermal conductivity. As illustrated in Figure 6 , the increases of the thermal conductivity of samples saturated with oil and those saturated with water are about 5-7 % and 11-15 %, respectively. The increase of thermal conductivity with the increase of pressure substantially depends on the thermal conductivity of the fluid filled in the pores (Zarichnyak et al., 2013) .
INFLUENCE OF TEMPERATURE ON THERMAL CONDUCTIVITY
Temperature plays an important role among the various factors influencing the thermal conductivity of rocks. In the range of room temperature up to 1000 C, the thermal conductivity of rocks has a significant nonlinear decrease (Fig. 7) , which can be described by the following equations:
where T is the temperature (°C), and K is the thermal conductivity (W·m -1 ·K -1 ).
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In Figure 7 , it is shown that the thermal conductivity decreases more quickly with temperature in the range from the room temperature to 400 °C, and then a smooth transition to temperature is observed. Figure 8 shows a similar pattern when the pores are filled by gas, water or oil.
DISCUSSIONS
Rocks are a mixture of anisotropic crystals of different compositions, which leads to relatively small change in the thermal conductivity (Fig. 9) other than the lattice thermal conductivity and in some cases the thermal conductivity varies with temperature and pressure (Somerton, 1992; Zarichnyak et al., 2013; Verma et al., 2016) . The thermal conductivity of sandstone is determined not only by their mineral composition but also by their grain and pore fabrics: porosity, dispersion, roundness and grain sorting, type of cementing material, and type of fluid filling in the pores. This explains the scattered points in the correlation field. The pressure and temperature influence the thermal conductivity of rocks by changing their pore and grain fabrics. These changes of thermal conductivity can be analyzed according to the theory of classical physics (Maqsood et al., 2003; Shabbir et al., 2000) . This theory regards the heat conduction inside solid materials as a result of the diffusion movement of phonons, or, the elastic vibration of lattice. The thermal conductivity of rocks, K, can be approximated by (Tang et al., 2013) :
where v c is the heat capacity per unit volume; l is the mean free path for phonons; 0 v denotes the energy transport velocity of phonon and is usually simplified as the normal sound velocity. The mean free path of phonons is directly related to two processes: the collisions of phonons and the scattering of phonon impurity (crystal imperfection).
From Eq. (7), it can be obtained that with the increase of porosity, the crystal imperfection is growing, which means that the free path of phonons decreases. Moreover, at low saturation degrees, most pores or cracks are filled with the air. Thus, the thermal conductivity is reduced with the increase of porosity. However, the thermal conductivity of water is about 32 times of that of the air (Yang et al., 1986) . Therefore, the thermal conductivity of saturated rock is larger than that of the dry rock. With the increase of saturation, the thermal conductivity of rock has a quick nonlinear increase. However, when the degree of saturation reaches some level (maybe 15 %), the rate of inrease becomes constant. Hence, there is a linear increase in the thermal conductivity with the degree of saturation. It can also explain the increase of thermal conductivity with pressure. As we know, sandstone consists of a mixture of rock forming minerals with high quartz content, hence a high thermal conductivity. With the increase of pressure, pores or microcracks between the skeleton of rocks are compressed, while the microscopic structure of pore spaces becomes closed, contributing to the increase of thermal conductivity. The effect of pressure on the thermal conductivity is, more Fig. 9 Thermal conductivity of rock forming minerals and relation of composition with rock type volcanic and sedimentary (Clauser and Huenges, 1995) . Third mineral phase for volcanic and sedimentary rocks is air or water, for thermal conductivity of these rocks, porosity is important property.
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179 content, or the degree saturation, and a reciprocal relationship between the thermal conductivity and porosity, and also a reciprocal relationship between the thermal conductivity and temperature. However, with the increases of pressure, the thermal conductivity increases gradually, and the rate of increase below 100 MPa is larger than that in 100-400 MPa.
When the applied temperature is higher than 400 °C (especially higher than 600 °C), the physical and chemical features of sandstone minerals would change. Between 400 °C and 600 °C, the minerals of rocks have chemical changes. The most remarkable reaction is the inversion of quartz from the α-to the β-phase at 57 3°C (Sun et al., 2016) . Somerton and Selim (1961) measured the thermal volume expansion and the heat of reaction for three typical sandstones (Fig. 10a) . In their test, the expansion of quartz and sandstone were tested at a rising rate of 6.0 °C/min. The quartz content of the Boise sandstone and the Berea sandstone are 50 % and 90 %, respectively. They reported that the permanent deformation and structural damage to the tested samples after heating lead to a change in the thermal conductivity of heated sandstone samples. It was also proposed that, when the temperature is higher than 400 °C, quartz has a nonlinear thermal volume expansion, which can be used to explain the variation of thermal conductivity (Fig. 10b) .
CONCLUSION
An extensive review and analysis were conducted based on the data in international and Chinese publications. The results are expected to benefit researchers and engineers involved in analytical and numerical modeling of thermal conductivity involved processes in sandstones. The following conclusions could be drawn: 1. Thermal conductivity of sandstones mainly depends on the mineral composition, microstructure, porosity, saturation, pressure and temperature. Thermal conductivity increases with the increase of fluid saturation and pressure, but is reduced with the increase of porosity and temperature. 2. There is a linear relationship between the thermal conductivity of sandstone and the moisture 
